For sigmatropic reactions, such as [1, 3] and [1, 5] hydrogen shifts, the Cope and Claisen rearrangements, and the Berson-Nelson rearrangement, no correlation diagrams consistent with the classical electronic formulas have been reported. Here, we report dynamic correlation diagrams for these sigmatropic reactions based on orbital phase conservation theory. The diagrams are consistent with both the selection rules of sigmatropic reactions proposed by Woodward and Ho®mann and classical electronic formulas.
Introduction
The conservation of orbital symmetry theory presented by Woodward and Ho®mann 1 is one of the most signi¯cant theories in the history of organic chemistry. Correlation diagrams play an important role in this theory, and Neumann-Wigner's noncrossing rule 2 has been almost universally applied when drawing such diagrams. However, very few correlation diagrams can be drawn reasonably if one observes the noncrossing rule, 3, 4 which is based on the assumption that the change of the electronic state is adiabatically slow. 2 Hence, the noncrossing rule should not be applied to cases in which the change of the electronic state is fast. 4 In fact, Neumann and Wigner indicated that the crossing of energy levels is possible when the change is fast. 2 Considering that elementary reactions have been shown to proceed in the 10 À13 to 10 À14 s time frame, 5 the application of the noncrossing rule is no longer necessary in drawing electronic state correlation diagrams. 4 Based on this observation, we propose an orbital phase conservation theory using dynamic correlation diagrams 4 that consistently unify Fukui's frontier orbital (FO) theory 6 and Woodward-Ho®mann's orbital symmetry conservation (W-H) theory.
1
In our previous paper, 4 we reported dynamic correlation diagrams for the DielsAlder reaction, interconversions between hexatriene and cyclohexadiene, and electrophilic substitution of naphthalene, which are representative examples of cycloadditions, electrocyclic reactions, and reactions explained by the FO theory, respectively.
Another important group of reactions explained by the W-H theory are sigmatropic rearrangements. 7 Woodward and Ho®mann de¯ned a sigmatropic change of order [i, j] as the migration of a s bond,°anked by one or more p electron systems, to a new position whose termini are iÀ1 and jÀ1 atoms removed from the original bonded loci, in an intramolecular process (Scheme 1). 7 A generalized selection rule is typically used to determine whether such a reaction is allowed in either the ground or excited state, and correlation diagrams are generally not thought to be relevant for the analysis of these reactions because the reactants or products may not possess symmetry elements. 7 Thus, no correlation diagrams for sigmatropic reactions that are consistent with the classical electronic formulas have been reported so far. Appropriate correlation diagrams can be drawn, however, according to the dynamic correlation diagram method we have proposed.
In the present paper, we present¯ve new correlation diagrams for sigmatropic reactions: a [1, 3] hydrogen shift of propene, a [1, 5] hydrogen shift of 1,3-pentadiene, the Cope and Claisen rearrangements, and the Berson-Nelson rearrangement.
Methods
The dynamic correlation diagrams have been drawn in the same style used in a previous paper. 4 The approximate energy levels of the orbitals of the reactants are written from top to bottom on the left-hand side of each diagram; those of the products are given on the right-hand side. The simple H€ uckel method 8 is generally su±cient for the calculation of energy levels and has been used in this study. Since the bonding energies of a C-C single bond and a C¼C double bond are 83 and 147 kcal mol À1 , respectively, the bonding energy for the bond of the double bond should be approximately 64 (147 À 83) kcal mol À1 . This value corresponds to the bonding energy of the overlap integral obtained by the H€ uckel method. Thus, the energy levels of a C-C bond and a C-H bond are de¯ned as 1.3 (83 Ä 64) and 1.5 (99 Ä 64) , respectively. Next, we consider the change of the key orbitals, i.e. where bond cleavage occurs in the reactant and where the bond formation occurs in the product. Then, we can easily draw a correlation line by considering the changes in the form and energy level of the molecular orbital. Finally, the remaining orbitals can be linked by applying the principle of minimum change of orbital phases. 4 The reactions of cis-type polyenes in which a hydrogen atom on the j position migrates to position 1 is called a [1, j] sigmatropic reaction (Scheme 2).
Results and Discussion
When the transferred hydrogen atom is associated with the same face of the p system, the shift is de¯ned as suprafacial. When the migrating hydrogen atom is passed from one face of a carbon terminus to the opposite face of the other, it is de¯ned as antarafacial. The isomerizations of propene and 1,3-pentadiene are [1, 3] and [1, 5] sigmatropic reactions, respectively. Figures 1 and 2 show the dynamic correlation diagrams of sigmatropic [1, 3] and [1, 5] hydrogen shifts of propene and 1,3-pentadiene, respectively.
We can easily derive the selection rules for these reactions using the correlation diagrams shown in Figs. 1 and 2 . In the suprafacial process of Fig. 1 , the C-H bonding orbital À À À the key orbital of the reactant À À À is linked to the C-H * antibonding orbital of the product. Thus, this reaction is forbidden in the ground state. In contrast, the C-H * antibonding orbital of the reactant is linked with the C-H bonding orbital of the product. Hence, this reaction is allowed in the excited state.
In the antarafacial process of Fig. 1 , the C-H bonding orbital of the reactant is linked to the C-H bonding orbital of the product. Therefore, this reaction is allowed in the ground state. In contrast, the C-H * antibonding orbital of the reactant is not linked to the C-H bonding orbital of the product. Thus, this reaction is forbidden in the excited state. For both suprafacial and antarafacial processes, the movement of electrons within the molecule are consistent with classical electronic formulas, as shown in the schemes of Fig. 1 . Similarly, the selection rules for the [1, 5] hydrogen shift of 1,3-pentadiene are shown in Fig. 2 . The movement of electrons in the molecule agrees with the classical electronic formulas for both the suprafacial and antarafacial processes. Table 1 summarizes the derived selection rules, which are identical to those of sigmatropic reactions generalized by Woodward and Ho®mann. 9 The Cope rearrangement 10 is a [3, 3] sigmatropic reaction in which the C-C bond at the 3,4-position in 1,5-hexadiene migrates to the 1,6-position to form a new bond (Scheme 3). Similarly, the Claisen rearrangement 11 is a [3, 3] sigmatropic reaction followed by a [1, 3] rearrangement (Scheme 4).
The [3, 3] sigmatropic shift in 1,5-hexadienes has been shown to proceed more easily through a chair-like transition state than through the boat-like alternative. 12 Assuming that the C2 symmetry of the axis between the carbon atoms of the 3,4-position remains, the correlation diagram is as shown in Fig. 3 . According to the diagram shown in Fig. 3 , this rearrangement is thermally allowed in the ground state. Moreover, the diagram is consistent with classical electronic formula, as indicated in the scheme of Fig. 3 .
If there exists some steric restriction, this rearrangement can also proceed through the boat-like transition state. Assuming that the mirror symmetry (mÞ that bisects the C-C bond of the 3,4-position remains, the correlation diagram is drawn as shown in Fig. 4 . Again, this rearrangement is shown to be thermally allowed in the ground state and the diagram is compatible with the classical electronic formula shown in the scheme of Fig. 4 . Woodward and Ho®mann also developed a correlation diagram for this reaction through the boat-like transition state, to which the noncrossing rule was applied. 13 Their correlation lines are shown in Fig. 4 As shown in Fig. 1 , [1, 3] suprafacial hydrogen shifts are known to be thermally forbidden. However, for cases in which the shifting atom is not hydrogen and the new bond is formed by inversion of the orbital con¯guration of the migrating carbon atom, the reaction becomes thermally allowed. Woodward and Ho®mann give the Berson-Nelson rearrangement as an example, 14 but do not include a correlation diagram. Since there is no symmetry maintained during this reaction, the appropriate correlation diagram cannot be drawn if the noncrossing rule is to be followed.
However, ignoring the noncrossing rule and incorporating the minimum change of orbital phases, 4 an appropriate correlation diagram (Fig. 5) can be drawn using the dynamic correlation method. The movement of electrons in the molecule is consistent with classical electronic formula, as indicated in the scheme of 
Conclusion
Based on orbital phase conservation theory, we have successfully drawn dynamic correlation diagrams for selected sigmatropic reactions, none of which has heretofore been deemed appropriate for such diagrams. Since the newly drawn correlation diagrams are completely consistent with the classical electronic formulas, they may become a de¯nitive theoretical basis for the empirically well-established W-H rules.
